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dose zone. These properties are often assessed assuming that the soil is a non-deformable (rigid) porousmedium.
However, under real conditions, such as those found in agricultural systems, the soil is constantly exposed to ex-
ternal stresses induced by farm machinery and by wetting and drying cycles, which constantly modify the soil
hydraulic properties. The main objective of this work was to develop a methodological framework based on X-
ray CT scanning to predict the spatio-temporal evolution of the hydraulic properties of a soil under drainage con-
ditions. Themethodological framework combines the particle size distribution of a soil and the fractal dimension
of its porosity obtained fromX-ray CT scans to predict the saturated hydraulic conductivity and volumetric defor-
mation of a soil column. The results show that the proposed framework provides a realistic description of the
spatio-temporal evolution of the hydraulic properties of a soil during the drainage process.
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Agriculture has an important inﬂuence on soil formation and evolu-
tion (Montagne et al., 2008). Several studies have shown that farming
practices and crop management can signiﬁcantly affect soil hydraulic
properties (Hu et al., 2009). Indeed, when compared to natural condi-
tions, some water management practices, such as ﬂooding, irrigation,
subirrigation, and drainage, may increase the frequency of water table
ﬂuctuations (wetting–drying cycles), which may lead to signiﬁcant
changes in the physicochemical soil properties (Huang et al., 2015;
Montagne et al., 2009) and induce changes in soil pore size distribution
(Bodner et al., 2013a; Bodner et al., 2013b; Mubarak et al., 2009). More
recently, the implementation of a drainage system has been shown to
promote an increase soil water ﬂow, inducing changes in the soil struc-
ture, pore size distribution, and other properties, such as total porosity,
water retention properties, bulk density, air entry point, and saturated
and unsaturated hydraulic conductivities (Alletto et al., 2015; Bodner
et al., 2013a; Bodner et al., 2013b; Frison et al., 2009; Montagne et al.,
2009; Montagne et al., 2008). For example, in rice paddies, Zhang et al.
(2013) observed that repeating ﬂooding and draining cycles has a sig-
niﬁcant impact on the percolation properties, soil shrinkage and bulk
density. More recently, Périard et al. (2014) have shown that anthropic
soil genesis can induce formation of a soil horizon that has hydraulic
properties with low drainage capacity, whichmay have negative effectsériard).
. This is an open access article underon crop yields. For a highly drained, sandy soil under cranberry produc-
tion, Gumiere et al. (2014) found a direct relationship between areas of
low crop yields and soil horizons with a low saturated hydraulic con-
ductivity. Anthropic soils, such as those under cranberry production,
Anthrosols and Technosols (IUSS Working Group WRB, 2014), are
often characterized as soft and unconsolidated materials that undergo
rapid and intense early pedogenesis (Séré et al., 2012).
This rapid soil evolution may be explained by ﬂow-induced migra-
tion of ﬁne particles, and the ensuing reorganisation of coarse particles
during thehydroconsolidation process;modifying thedrainage capacity
(McDaniel et al., 2001; Pires et al., 2007). The study of these spatio-tem-
poral variations in soil hydraulic properties represents a daunting task
that may demand numerous destructive laboratory analyses and ﬁeld
observations (Bodner et al., 2013b). Furthermore, core samplingmay af-
fect soil properties, such as bulk density and pore size distribution, lead-
ing to differences between in situ and laboratory measurements of soil
hydraulic properties (water retention and unsaturated soil hydraulic
conductivity curves) (Pires et al., 2007). In fact, Alletto et al. (2015) pro-
posed more than three sampling periods distributed during the season
tominimize perturbation of soil samples and capture the spatio-tempo-
ral evolution of soil properties. However, the evolution of soil properties
after tilling may be very rapid and, thus, it may be difﬁcult to observe
with precision using standard soil sampling techniques because of the
uniqueness of the soil core (Rab et al., 2014). X-ray CT scanning is a
non-destructive imaging technique that can be used for high-resolution
monitoring of time-dependent changes in soil properties such as bulk
density, tortuosity, porosity, pore network characteristics, permeability,the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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propertie s (Helliwell et al., 2013), soil aggregate characteristics
(Garbout et al., 2013; Helliwell et al., 2013), unsaturated hydraulic con-
ductivity and soil water retention curves (Tracy et al., 2015).
The X-rayCT scan has beenwidely used in the past for characterizing
soil hydraulic properties (Rab et al., 2014) and conducting studies on
colloidal transport (Chen et al., 2009; Chen et al., 2010; Gaillard et al.,
2007; Li et al., 2006), soil compaction (Keller et al., 2013) and soil con-
solidation by wetting and drying cycles (Keller et al., 2013; Ma et al.,
2015; Pires et al., 2007; Pires et al., 2014).
A new framework is needed to characterize the spatio-temporal
evolution of soil properties at early stages after tilling or ﬁeld construc-
tion. Therefore, themain objective of this paper is to propose amethod-
ological framework using X-ray CT scans to characterize the evolution of
the spatio-temporal soil hydraulic properties (porosity and saturated
hydraulic conductivity) of a heterogeneous sandy soil under drainage
conditions.
2. Material and methods
2.1. Soil column preparation
The experiment was performed with a repacked cylindrical soil col-
umn (56 cm in length and 15 cm in diameter) composed of two differ-
ent sand layers (Fig. 1). The ﬁrst layer (sand 705) was 14-cm thick (L1)
(Fig. 1) and had a d50 (median radius of the particle size distribution) of
150 μm.While the second layer (Flint)was 42-cm thick (L2) (Fig. 1) and
had a d50 of 500 μm. A characterization of the particle size distribution of
the sand was achieved using a Laser Diffraction Particle Size Analyzer
(LS 13320 series, Beckman Coulter Canada LP., Mississauga, Ontario,
Canada) and 3 replicates of the 705 and Flint soils. The particle size dis-
tribution of the 705 and Flint soils are compared to those of ﬁne and
coarse sands in Fig. 1. The 705 soil is a ﬁne sand, the Flint soil is medium
sand, and both have particles smaller than coarse sand (Fig. 1). To en-
sure uniform ﬂow conditions and an evenly distributed pressure im-
posed by a water column (Fig. 1), each end of the column was coveredFig. 1. Schematic diagram and phowith Nitex (20-μmmesh) to provide good contact between the water
ﬁlm and the diffusion plate. A variable water pressure of 245 to
194 cm (P) was applied at the inlet (on the side of the 705 soil) of the
soil column by a reservoir connected to the soil column with a ﬂexible
pipe (Fig. 1). The water pressure head boundary (P) is shown in Fig. 1
and was chosen to represent a condition at a position near the drain
tile akin to a ﬂooded cranberry ﬁeld during harvest for protection
against freezing. The pressure heads inside the reservoir (R) and in
the drainage tank (T) (Fig. 1)weremeasured using an absolute pressure
sensor (HoboU20Water Level Logger, ONSET, Bourne,MA, USA) at time
intervals of 1 min throughout the duration of the experiment. The pres-
sures were converted into water height by subtracting the atmospheric
pressure monitored at intervals of 1 min. The water pressure boundary
was obtained by adding the height of thewater in the reservoir to height
of the water pipe at the soil column level.
A 3-step saturation-drainage cycle was performed to ﬁrmly pack the
sand within the column. During the ﬁrst step, we saturated the soil by
applying a water pressure at the column inlet of 224 to 234 cm during
2 h (Fig. 2). During the second step, we oriented the soil column verti-
cally and imposed a free drainage condition with constant atmospheric
pressure at the inlet and outlet of the soil column. For the last step, we
gradually saturated the soil column from the bottom upwith a pressure
of 56 cm. The soil columnwas not wet and driedmany times so that the
soil was more representative of conditions occurring just after the con-
struction of a cranberry ﬁeld when the soil is soft and unconsolidated.
We did not replicate the experiment; thus, this study focuses on the de-
velopment of the methodological framework to study the evolution of
soil properties under drainage rather than on themechanisms involved
in consolidation.
2.2. CT scanning
The experimentwas performed at the Laboratoire Multidisplinaire de
Scanographie du Québec using a Somatum Volume Access CT scanner
(Siemens, Germany) (Fig. 1). The energy level used was 140 keV, and
the spatial resolution (i.e., a voxel) was 0.06 × 0.045 × 0.045 cm (x, y,tos of the experimental setup.
Fig. 2. Pressure boundary for saturation-drainage cycles in the repacked soil column.
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using the R software (R Development Core Team, 2008) using the
oro.dicom library (Whitcher et al., 2011). The spatio-temporal varia-
tions in soil properties were monitored via X-ray CT scans at several
elapsed times (0 s, 13 s, 26 s, 39 s, 52 s, 5 min, 10 min, 20 min, 30 min,
1 h, 3 h, 5 h, 22 h, 24 h, 26 h, 28 h, 30 h, 47 h, 73 h, and 95 h).
2.3. Voxel porosity
Changes in the soil porosity using the X-ray CT scan data were ob-
tained using the following equation, which is similar to that used by
Luo et al. (2008):
ϕ x; y; zð Þ ¼ CTQuartz−CTsat x; y; zð Þ
CTQuartz−CTWater
ð1Þ
CTQuartz is the absorption coefﬁcient of quartz at an energy level of
140 keV and is equal to 1798 Hu (Hu stands for the Hounsﬁeld unit),
CTsat the absorption coefﬁcient of saturated soil at coordinates x, y and
z, and CTwater the absorption coefﬁcient of water and is equal to 0 Hu.
2.4. 2.4Spatial and temporal variability of the saturated hydraulic
conductivity
The saturated hydraulic conductivity, Ks (cm h−1), is linked to the
fractal dimension of voxel porosity distribution along longitudinal slices
of the soil from the X-ray CT scan (x-direction) using the approach pro-
posed by Guarracino (2007):
Ks x; y; zð Þ ¼ 3600 2−D xð Þ4−D xð Þ
σ2 cos βð Þ
2ρgμ
ϕ x; y; zð Þα x; y; zð Þ2
 
ð2Þ
where D is the fractal dimension calculated using the semivariance ap-
proach, β the angle of contact between the water and the soil matrix
(0), σ the surface tension (72.75 g/s2), μ the dynamic viscosity
(10−2 g/cm s) ofwater, ρ the density ofwater (0.998 g/cm3), g the grav-
itational acceleration (980 cm/s2),ϕ the voxel porosity, and α the recip-
rocal of thematric potential at the air entry point on the retention curve
(cm−1).
The spatial variability of the voxel porosity was assessed using a
semivariance analysis done using the gstat library (Pebesma, 2004) of
the R software (R Development Core Team, 2008). The fractal dimen-
sion of the voxel porosity distribution (Eq. (1)) obtained by the image
slices from the X-ray CT scan characterize a scale of macropore ranging
from 0.045 cm to 1.5 cm and was assumed to be the same as the fractal
dimension of the pore size distribution of the soil. This assumption is
based on the concept that pores have similar shapes but different sizes
and can be represented by a unimodal power-law distribution
(Giménez et al., 1997; Rieu and Sposito, 1991) because the soil system
is invariant under different magniﬁcations (Giménez et al., 1997). Foreach longitudinal slice (x), a semivariogramwas calculated for a square
surface of 10.6 cm by 10.6 cm (Fig. 3a) within the soil column, resulting
in amatrix of 237 by 237 data points. A random sample of 10,000 pixels
was calculated in thismatrix to reduce the computational time. The spa-
tial variability of a voxel porosity of a transverse cut, z(x), was studied
with the aid of semivariograms:
γ hð Þ ¼ 1
2N hð Þ
XN hð Þ
i¼1
ϕ xið Þ−ϕ xi þ hð Þ½ 2 ð3Þ
where γ(h) is the semivariance of a separation distance h between pairs
of points, N(h) the number of pairs of equidistant points, ϕ(xi) the po-
rosity value at point xi, and ϕ (xi + h) the value of the porosity at the
point xi + h. In this study, the fractal dimension (D) was estimated
using the method proposed by Burrough (1983):
D ¼ 2−H
2
ð4Þ
whereH is theHurst exponent, which is the slope of the relationship be-
tween the log of the semivariance and the log of the distance deter-
mined by regression for a distance (x), varying from 0 to 1.5 cm. This
distance was selected to determine the fractal dimension of a smaller
scale that is nearly that of the macropore network.
The reciprocal of thematric potential at the air entry point on the re-
tention curve was calculated using the relationship between the radius
of a particle (R) (cm) and the matric potential (cm) presented by
Mohammadi and Vanclooster (2011):
α x; y; zð Þ ¼ 18867:92453Rξ x; y; zð Þ ð5Þ
where ξ is a dimensionless coefﬁcient depending on the state of the soil
column and particle organisation in the porousmedium, and is theoret-
ically less than 1.9099:
ξ x; y; zð Þ ¼ 1:9099
1þ e x; y; zð Þ ð6Þ
where the void ratio (e) is calculated from the porosity:
e x; y; zð Þ ¼ ϕ x; y; zð Þ
1−ϕ x; y; zð Þ ð7Þ
For each type of sand, it was assumed that the air entry point
corresponded to the matric potential, which is related to the maximum
radius of the particle size (R) obtained by the particle size distribution
analysis previously explained in Section 2.1.
2.5. Equivalent soil hydraulic conductivity
Soil equivalent saturated hydraulic conductivity was calculated
using Darcy's equation:
q ¼ Q
S
¼−Keq1 dhdx ð8Þ
where Keq1 is the equivalent saturated hydraulic conductivity of the soil
column (cm h−1), dh the pressure head P (cm) shown in Fig. 1, dx the
length of the cylinder (56 cm), Q the ﬂow rate (cm3 h−1), S the surface
of the cylinder (cm2), and q the ﬂow of water (cm h−1). The ﬂow rate
was calculated based on the water level in the tank at the output of
the soil column (Fig. 1); the latterwasmeasured using an absolute pres-
sure sensor (U20Water Level Logger Hobo, ONSET, Bourne, MA, USA) at
1-min intervals throughout the duration of the experiment. The saturat-
ed hydraulic conductivity was calculated for the constant pressure
boundary at a small time step (1 min).
Fig. 3. (a) Longitudinal slice of porosity (cm3 cm−3) from a CT scan taken at x= 6 cm. (b) Fitted variogram of porosity values as a function of distance. The latter was selected to calculate
the fractal dimension of the pore network.
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derived from the CT scan data was calculated using the power mean:
Keq2 ¼ 1N
XN
i¼1
K x; y; zð Þλ
" #1=λ
λ≠0
Keq2 ¼ exp 1N
XN
i¼1
ln K x; y; zð Þð Þ
" #
λ ¼ 0
ð9Þ
where N is the number of local hydraulic conductivity K(x, y, z) with a
coordinate (x, y, z) and λ represents an exponent of the power mean
in the range of−1≤λ≤1 (−).Whenλ=−1, Keq2 is equivalent to a har-
monic mean; when λ=1, Keq2 is an arithmetic mean; and when λ=0,
Keq2 is a geometric mean. By changing the approximation of Eq. (9)
used by Desbarats (1992) to a log-normal trimodal distribution, one ob-
tains the following expression:
Keq2 ¼ exp w1 μ f1 þ
λ
2
σ f12
  
þ exp w2 μ f2 þ
λ
2
σ f22
  
þ exp 1−w1−w2ð Þ μ f3 þ
λ
2
σ f32
  
ð10Þ
where μf is the average of the log-transformed K(x, y, z) (cm h−1), σ f 2
the associated variance of the log-transformed K(x, y, z) (cm h−1), and
w aweight function corresponding to each subdistributions (−). The in-
dices 1, 2 and 3 represent three subdistributions of the log-transformed
K(x, y, z) corresponding to each layer of soil (705, Flint and the interface
between these two soils). The parameters μf, σf andwwere obtained by
adjusting each curve of the cumulative fractions (CF) as a function of
K(x, y, z) represented by the following equation:
CF K x; y; zð Þð Þ ¼ w1 1−12 erfc
lnK x; y; zð Þ− μ f1 þ 3σ f12
 
ﬃﬃﬃ
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The parameter ﬁtting range for λ was−100 to 100 for the power
mean calculation. Additionally, the values λ=−1, λ=0, λ=1 and
λ=1/3 were tested to obtain the harmonic, geometric and arithmetic
means and the power mean of isotropic soil, as proposed by Desbarats
(1992). The optim function in the stats library of the software R (RDevelopment Core Team, 2008) was used for the calibration of parame-
ter λ, μf, σf and w.
2.6. Soil deformation and consolidation
Because the pressure gradient was in the horizontal direction (x),
the volume deformation εv(x,y,z) (cm) was calculated using Eq. (12):
εv x; y; zð Þ ¼ ϕt¼0 x; y; zð Þ−ϕt¼1 x; y; zð Þð ÞΔx ð12Þ
where ϕt=0(x,y,z)is the porosity of a voxel with spatial coordinates x, y,
z at the initial time,ϕt=i(x,y,z) the porosity of voxel space coordinates x,
y, z at time i, and Δx is the width of a voxel, which is equal to 0.06 cm.
3. Results and discussion
3.1. Total soil porosity
Fig. 4 shows the distribution of the soil porosity at different time
steps. For the ﬁne soil (705 soil), the reduction in the porosity of the en-
tire space is very small, approximately 1.01%. Effectively, the decrease in
porosity occurs during the ﬁrst 5 h and primarily during hours 1 to 3.
After this period, little reduction in porosity is observed (Fig. 4). In the
705 soil, this decrease is greater in the bottom part of this soil, near
the interface between the two soils (705 and Flint soils) at a depth of ap-
proximately 10 to 15 cm (Fig. 4). However, in the medium sand (Flint
soil), the change in porosity of the entire volume is greater and repre-
sents a reduction of approximately 7%. The reduction in the porosity
took placemainly between the 5th hour and the 22nd hour, but the pro-
cess continued until the 95th hour, principally at the bottom of this soil
(40 to 56 cm) (Fig. 4). Ke et al. (2004) determined that a signiﬁcant
change in the boundary conditions of the soil area during a drainage ex-
periment (suction at the bottom or side) can cause signiﬁcant stress
within the porous media, resulting in a reorganisation of the particles,
which causes a reduction in porosity. Our results agree with those of
Ke et al. (2004), who observed greater compaction in coarse sand than
in ﬁne sand, due mostly to a lower capillary force caused by larger
pores. Considering the fact that we had a more signiﬁcant water pres-
sure boundary condition (194 to 245 cm which represented
2949.266mmof cumulativewater outﬂow), ourmethodological frame-
work using X-ray CT scans give a results that are also consistent with
many research used X-ray CT scans to characterize spatio-temporal var-
iation of porosity during an experiment of drying and wetting cycles
(Zhao et al. 2015; Zhang et al. 2015; Ma et al., 2015; Pires et al., 2014;
Pires et al. 2011; Pires et al. 2005).
Fig. 4. Temporal variation of the spatial distribution of porosity (ϕ (cm3 cm−3)) within the soil column (0, 1, 3, 5, 22, 47, and 95 h).
26 Y. Périard et al. / Geoderma 279 (2016) 22–303.2. Saturated hydraulic conductivity of the soil column
The adjustment of the cumulative fraction curves (Eq. 10) produced
very good results, and all curves showed an R2 equal to 1 (Table 1). All
methods of estimation of the equivalent saturated hydraulic conductiv-
ity (Keq2) with different λ values yield predictions of the same order of
magnitude as that of the reference method (Keq1) (Fig. 5a). To compare
the prediction with observed values for our results with those found in
the literature, we computed the absolute error (ξ= |(observed− pre-
dicted)| with a standardization of all units in cmh−1. The absolute error
intervals for λ values were 0.85–9.00 for λ=−1, 0.43–9.26 for λ= 0,
0.29–9.34 for λ= 1/3, and 0.002–9.52 for λ= 1. The method used in
this study performs as well as those of Dal Ferro et al. (2015) (ξ =
0.3096–13.7268), Tracy et al. (2015) (ξ = 0.36–2.16), Daly et al.
(2015) (ξ= 0.36–4.068) and Bultreys et al. (2015) (ξ= 0.07–0.49),Table 1
Parameters of the cumulative fraction curves, associated coefﬁcients of determination, and ﬁtt
Scan Time (h) w1⁎ w2 μf1 μf2⁎
1 0 0.272 0.000 0.186 3.408
2 1 0.270 0.012 0.448 3.400
3 3 0.265 0.077 1.077 3.433
4 5 0.273 0.104 1.104 3.426
5 22 0.278 0.396 1.148 3.773
6 24 0.277 0.347 1.150 3.701
7 26 0.276 0.298 1.250 3.711
8 28 0.275 0.189 1.258 3.657
9 30 0.276 0.287 1.075 3.549
10 47 0.267 0.171 1.298 3.785
11 73 0.267 0.190 1.280 3.680
12 95 0.270 0.211 1.286 3.746
*μf is the average of the log-transformed K(x, y, z) (cm h−1).
*σ2 is the associated variance of the log-transformed K(x, y, z) (cm h−1).
*w is a weight function corresponding to each subdistributions (−).
*Indices 1, 2 and 3 represent tree subdistributions of the log-transformed K(x, y, z).
*λ represents an exponent of the power mean (−).but signiﬁcantly better than Scheibe et al. (2015) (ξ=190.8),whichde-
rived saturated hydraulic conductivity estimates via numerical simula-
tions based on mesh-free smoothed particle hydrodynamics (SPH), a
homogenisation method, multi-scale micro-computed tomography-
based pore network models, and a multi-scale Stokes-Darcy simulation
method, respectively. Themethodwith a constrained ﬁt of theλ param-
eter in the interval−100 to 100 provided results that were exactly the
same as those obtained with the reference method (Keq1) (Fig. 5a). The
ﬁtted value of the λ parameter dropped dramatically at hour 47 (Fig.
5b), limiting the ability of the ﬁxed values (λ =−1, λ = 0, λ = 1/3,
λ= 1) to predict the equivalent saturated hydraulic conductivity (Fig.
5a). The λ value is linked to anisotropy properties of the soil (angle
and ratio) and has a negative value when the ﬂow is perpendicular to
the plane (Desbarats, 1992). This ﬁnding indicates a possible increase
in the anisotropy due to soil compaction, which affects the ability ofed λ values of Eq. (10).
μf3 σ21⁎ σ22 σ23 λ⁎ R2
4.758 0.749 0.560 0.310 −2.340 1
4.816 0.636 0.525 0.307 −2.931 1
4.887 0.357 0.571 0.290 3.754 1
4.929 0.327 0.521 0.266 4.746 1
3.989 0.435 0.547 0.393 10.580 1
4.027 0.432 0.573 0.358 10.798 1
3.986 0.396 0.564 0.388 9.331 1
4.009 0.391 0.613 0.376 0.994 1
4.085 0.451 0.611 0.321 5.229 1
3.961 0.373 0.550 0.376 −11.627 1
4.107 0.390 0.432 0.357 −25.284 1
4.289 0.396 0.317 0.289 −66.386 1
Fig. 5. (a) Equivalent saturated hydraulic conductivity calculated by different methods as a function of time. (b)λas a function of time. (c) Mean saturated hydraulic conductivity of each
longitudinal image as a function of coordinate x. (d) Cumulative fraction of the saturated hydraulic conductivity in the cylinder. (e) Fractal dimension of each longitudinal image as a
function of coordinate x. (f) Cumulative fraction of the fractal dimension in the cylinder. The colour legend represents the elapsed time since the onset of the experiment. (N.B. The
origin is located on the left side of these graphs, which corresponds to ‘top’ of the ﬁne sand (705).)
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deed, up to hour 47, the harmonic means (λ=−1), geometric means
(λ = 0), arithmetic means (λ = 1) and λ = 1/3 were very close to
those of the reference method (Keq1). Beyond this point in time, the
equivalent hydraulic conductivity is overestimated. Because the ﬂow
is along the horizontal axis (x), it was expected that the harmonic
meanwould lead to the best results (Renard et al., 2000), but the results
indicated no difference between the λ values. The consolidation during
the drainage experimentmay affect a speciﬁc pore sizewhich cannot be
captured by the limited resolution of the X-ray CT scan and can unfortu-
nately cause an overestimation of the saturated hydraulic conductivity
due to the assumption of a unimodal fractal model. The consolidation
is not completely uniform throughout the soil column, and we observe
very dense layers that affected the saturated hydraulic conductivity at
some locations (Figs. 5c, d and 6). In layered soil, water ﬂow is verycomplex. In these situations, the power mean method lacks the preci-
sion necessary to predict equivalent saturated hydraulic conductivity,
and consideration of the spatial arrangement of the local conductivity
properties (anisotropy, connectivity, inhomogeneity) of the soil be-
comes necessary (Desbarats, 1992; Renard et al., 2000).
The advantage of the proposed methodological framework com-
pared to many studies is that it is not based on posteriori correlations
made with independent measurements of saturated hydraulic conduc-
tivity in the laboratory (Anderson, 2014; Katuwal et al., 2015;
Mossadeghi-Björklund et al., 2016; Yu et al., 2014). For example, these
macropore characteristic derived from X-ray CT scans represent a re-
stricted method to predict saturated hydraulic conductivity and associ-
ated spatial variability (Katuwal et al., 2015). The methodology
proposed in this paper is a faster technique compared to pore network
modelling and direct simulation, which is demanding from a
Fig. 6. Temporal distribution of the natural logarithm of the saturated hydraulic conductivity throughout the soil column (ln (cm h−1)).
28 Y. Périard et al. / Geoderma 279 (2016) 22–30computational point of view and requires high-resolution X-ray CT
scans. Furthermore, these methods are often limited to the study of a
small number of samples, which limits the representativeness of the
macroscopic behaviour (Bultreys et al., 2015; Dal Ferro et al., 2015;
Daly et al., 2015; Tracy et al., 2015). The pore network extraction results
are presented in terms of a simpliﬁed geometry, whichmay neglect im-
portant pore-scale phenomena (Tracy et al., 2015). In studies such as
that of Pires et al. (2014), the proposedmethodological framework pro-
duces high-resolution, accurate information on the location andmagni-
tude of reduction of the porosity and soil hydraulic conductivity in the
soil core. This type of information is necessary to better understand
the actual impact of drainage on soil hydraulic properties, such as poros-
ity and soil hydraulic conductivity. The proposedmethodological frame-
work suggested here is based on independent measurements of the
particle size distribution combined with fractal and porosity analyses
derived from X-ray CT scan images. This methodology can be applied
to samples more than 1-m long and 0.5 m in diameter.
Fig. 5(e and f) shows signiﬁcant space-and-time-dependent in-
creases in the fractal dimension, mainly in the medium sand (Flint).
These increases in the fractal dimension indicates homogenisation and
densiﬁcation of theporousmedia (Usowicz and Lipiec, 2009). This effect
ismore important in themedium sand (Flint soil) zone, and it decreases
the saturated hydraulic conductivity (Figs. 5c, d, e, and 6). However, the
fractal dimension decreases signiﬁcantly near the interface (10–14 cm),
which is consistent with the decreases in porosity and saturated hy-
draulic conductivity (Figs. 4 and 5c, d). No reduction in the harmonic
mean of the saturated hydraulic conductivity was observed for the
ﬁne sand (705) (from 5.54 to 5.73 cm h−1) compared to the decrease
in the harmonicmeanof the saturatedhydraulic conductivity of theme-
dium sand (Flint) (157.14 to 73.41 cmh−1) after 94 h. For thewhole soil
column, reductions of 12.63 to 32.85 cm h−1 were obtained using the
proposed method with λ=−1, whereas the observed reductions var-
ied from 3.54 to 31.35 cm h−1 (Fig. 5a).
Fig. 6 shows the spatial distribution of the saturated hydraulic con-
ductivity for time steps 0 h to 95 h. The change in hydraulic conductivity
is generalized for the entire soil column. In Fig. 6, we observe a layered
pattern (in the x direction) in the soil hydraulic conductivity. This pat-
tern could be explained by the fact that the fractal dimensionwas calcu-
lated for each slice in the normal direction (x direction). A major
reduction in saturated hydraulic conductivity, mainly in medium sand
(Flint), occurred between 5 and 22 h. However, a reduction in the satu-
ratedhydraulic conductivitywas observed at the bottomof the interfacebetween the 705 and Flint soils (14–18 cm) after 5 h. No general signif-
icant reduction in saturated hydraulic conductivity was observed in the
ﬁne sand (705), but over time, layers developed. The same pattern is
present in the saturated hydraulic conductivity in Fig. 6 due to the
predeﬁned link between porosity and the saturated hydraulic conduc-
tivity in Eq. (2).
Many studies have observed a spatio-temporal pattern in saturated
hydraulic conductivity, and various factors have been identiﬁed to ex-
plain the temporal changes: management practices, biological factors,
rainfall, soil consolidation or settlement, soil disaggregation, drying/
wetting processes, initial soil moisture, and erosional and depositional
processes (Hu et al., 2009). However, few studies have focused on the
effects of ﬂooding on spatio-temporal variations in the soil; instead,
most of the literature has been on the effects of inﬁltration, rain and
wetting and drying cycles. In general, at ﬁrst inﬁltration, the soil is rela-
tively loose due to recent tillage, and the soil subsequently becomes
gradually compacted by the naturalwetting and drying cycles. The com-
paction during the growing season reduces the involvement of
macropores (N0.5 mm) and mesopores (0.5–0.1 mm) in water ﬂow,
while the signiﬁcance of micropores (b0.1 mm) generally increases.
This pattern causes the soil bulk density to increase and the soil hydrau-
lic conductivity to decrease for many crops (Hu et al., 2009). Changes in
arrangement of soil particles and pore structure caused by natural rain-
fall may be the main reason for the decrease in the values of hydraulic
properties (Hu et al., 2009). The impact of raindrops on the soil surface
causes the dispersion of ﬁne particles, which can be transported by the
inﬁltrating water and clog soil macropores and/or mesopores (Hu et al.,
2009). After only 15 irrigation events, Zeng et al. (2013) observed rapid
relative change rate in the saturated hydraulic conductivity of sandy
loam of 0.57 and 0.84 under furrow irrigation (which received approx-
imately 2250 to 2700 mm) and drip irrigation (which received approx-
imately 675 to 787 mm). Our results agree with those of Zeng et al.
(2013), as we observed a relative rate of change in the saturated hy-
draulic conductivity of 0.11 for a cumulative outﬂow of 2949.266 mm
at high pressures of approximately 194 to 245 cm. The water pressure
boundary used in this study was similar to that found in a paddy soil
(Yoshida et al., 2014). Yoshida et al. (2014) and Zhang et al. (2014)
studied paddy soils and found that the soil drainage capacity is reduced
by lower hydraulic conductivity under submerged conditions associat-
ed with ﬂooding and that this process is mainly caused by the disper-
sion, ﬂocculation, migration and rearrangement of soil particles and
the reduction of crack formation. These processes are controlled not
Fig. 7. Distribution of the volumetric deformation (εv(x,y,z) (cm)) at different time steps during the experiment.
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changes due to chemical components affected by redox conditions
(Yoshida et al., 2014). Similar to the conditions found in cranberry ﬁelds
after construction, the excavation of grapevines results in soft material
with initially high hydraulic conductivity values. However, over time,
this material is gradually compacted by irrigation and becomes less per-
meable, leading to increased dry bulk densities and decreased hydraulic
conductivity values (Zeng et al., 2013).
3.3. Soil volumetric deformation
Fig. 7 shows the soil deformation for various time steps. Most of the
deformation occurred between 5 and 22 h following the beginning of
the experiment and mainly in the medium sand. As revealed by the
soil particle distribution analyses (not shown in this paper), the varia-
tion may have been mostly induced by spatial reorganisation of parti-
cles related to ﬁne particle movement through the soil column. The
reorganisation of the sand particles caused by the applied stress and
drainage appears to be a very fast process. The deformation varies
from−0.05 to 0.05 cmand is heterogeneous in the horizontal (x) direc-
tion. Even in areas with high positive deformation, there are local areas
with negative deformation indicating the displacement of soil during
compaction. The majority of the soil column experienced compaction,
as shown by the positive deformation values (orange to red colours in
Fig. 7), which caused a reduction in the porosity. The methodology pro-
posed in this paper provides an opportunity to quantify at a high resolu-
tion soil deformation during drainage. Therefore, this method provides
detailed information on the spatio-temporal variations in soil densiﬁca-
tion and in the understanding of the compaction process accordingly.
4. Conclusions
This study has shown that CT scan data linked to fractal-variogram
analyses can be used to detect spatio-temporal variations in porosity
and saturated hydraulic conductivity of a sandy soil under drainage con-
ditions. The methodological framework produced good results in termsof predicting the equivalent saturatedhydraulic conductivity, as indicat-
ed by low values of the absolute error. However, the estimates become
less precise when the soil becomes highly compacted. Therefore, it is
necessary to further develop the methodological framework to better
account for the soil properties related to soil hydraulic conductivity (an-
isotropy, tortuosity, connectivity, etc.). In return, this would provide a
framework to better represent the soil hydraulic properties under vari-
ous conditions, such aswhen the soil is highly compacted. Nevertheless,
the method proposed here can be generalized to other studies. The de-
velopment of the proposed characterization method using X-ray CT
scans has provided a powerful framework and fast technical method
to quantify spatio-temporal variations in the porosity and saturated hy-
draulic conductivity of a soil at a very high resolution. This technique
can be used to understand the spatio-temporal dynamics of hydraulic
properties under various conditions (management, boundary, crop
and soil). However, the framework needs to be extended to characterize
the spatio-temporal unsaturated hydraulic properties. Future work
should extend the application of the proposed method to structured
soils or focus on the development of a model that takes into account
the interaction between matrix and macropore ﬂow.
Acknowledgments
The authors acknowledge the ﬁnancial contribution of the Natural
Science and Engineering Research Council of Canada (NSERC) (RCIPJ
411630-08 and RDCPJ 394875-09) and the Fonds de Recherche du Que-
bec-Nature et Technologies (FQRNT) (166725). They would also like to
thank Hortau, Canneberge Bieler, Nature Canneberge, and Transport
Gaston Nadeau for their ﬁnancial and technical support.
References
Alletto, L., Pot, V., Giuliano, S., Costes, M., Perdrieux, F., Justes, E., 2015. Temporal variation
in soil physical properties improves the water dynamics modeling in a conventional-
ly-tilled soil. Geoderma 243–244, 18–28.
Anderson, S.H., 2014. Tomography-measured macropore parameters to estimate hydrau-
lic properties of porous media. Procedia Comput. Sci. 36, 649–654.
30 Y. Périard et al. / Geoderma 279 (2016) 22–30Bodner, G., Scholl, P., Kaul, H.P., 2013a. Field quantiﬁcation of wetting–drying cycles to
predict temporal changes of soil pore size distribution. Soil Tillage Res. 133, 1–9.
Bodner, G., Scholl, P., Loiskandl, W., Kaul, H.P., 2013b. Environmental andmanagement in-
ﬂuences on temporal variability of near saturated soil hydraulic properties.
Geoderma 204–205 (0), 120–129.
Bultreys, T., Van Hoorebeke, L., Cnudde, V., 2015. Multi-scale, micro-computed tomogra-
phy-based pore network models to simulate drainage in heterogeneous rocks. Adv.
Water Resour. 78, 36–49.
Burrough, P.A., 1983. Multiscale sources of spatial variation in soil. I. The application of
fractal concepts to nested levels of soil variation. J. Soil. Sci. 34 (3), 577–597.
Chen, C., Lau, B.L.T., Gaillard, J.-F., Packman, A.I., 2009. Temporal evolution of pore geom-
etry, ﬂuid ﬂow, and solute transport resulting from colloid deposition. Water Resour.
Res. 45 (6) (n/a-n/a).
Chen, C., Packman, A.I., Zhang, D., Gaillard, J.-F., 2010. A multi-scale investigation of inter-
facial transport, pore ﬂuid ﬂow, and ﬁne particle deposition in a sediment bed. Water
Resour. Res. 46 (11) (n/a-n/a).
Dal Ferro, N., Strozzi, A.G., Duwig, C., Delmas, P., Charrier, P., Morari, F., 2015. Application
of smoothed particle hydrodynamics (SPH) and pore morphologic model to predict
saturated water conductivity from X-ray CT imaging in a silty loam Cambisol.
Geoderma 255–256, 27–34.
Daly, K.R., Mooney, S.J., Bennett, M.J., Crout, N.M.J., Roose, T., Tracy, S.R., 2015. Assessing
the inﬂuence of the rhizosphere on soil hydraulic properties using X-ray computed
tomography and numerical modelling. J. Exp. Bot. 66 (8), 2305–2314.
Desbarats, A.J., 1992. Spatial averaging of hydraulic conductivity in three-dimensional
heterogeneous porous media. Math. Geol. 24 (3), 249–267.
Development Core Team, R., 2008. R: A Language and Environment for Statistical Com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
Frison, A., Cousin, I., Montagne, D., Cornu, S., 2009. Soil hydraulic properties in relation to
local rapid soil changes induced by ﬁeld drainage: a case study. Eur. J. Soil Sci. 60 (4),
662–670.
Gaillard, J.-F., Chen, C., Stonedahl, S.H., Lau, B.L.T., Keane, D.T., Packman, A.I., 2007. Imaging
of colloidal deposits in granular porousmedia by X-ray differencemicro-tomography.
Geophys. Res. Lett. 34 (18), L18404.
Garbout, A., Munkholm, L.J., Hansen, S.B., 2013. Temporal dynamics for soil aggregates de-
termined using X-ray CT scanning. Geoderma 204–205, 15–22.
Giménez, D., Perfect, E., Rawls, W.J., Pachepsky, Y., 1997. Fractal models for predicting soil
hydraulic properties: a review. Eng. Geol. 48 (3–4), 161–183.
Guarracino, L., 2007. Estimation of saturated hydraulic conductivity Ks from the van
Genuchten shape parameter α. Water Resour. Res. 43 (11), W11502.
Gumiere, S.J., Lafond, J.A., Hallema, D.W., Périard, Y., Caron, J., Gallichand, J., 2014.Mapping
soil hydraulic conductivity and matric potential for water management of cranberry:
characterisation and spatial interpolation methods. Biosyst. Eng. 128 (0), 29–40.
Helliwell, J.R., Sturrock, C.J., Grayling, K.M., Tracy, S.R., Flavel, R.J., Young, I.M., Whalley,
W.R., Mooney, S.J., 2013. Applications of X-ray computed tomography for examining
biophysical interactions and structural development in soil systems: a review. Eur.
J. Soil Sci. 64 (3), 279–297.
Hu, W., Shao, M., Wang, Q., Fan, J., Horton, R., 2009. Temporal changes of soil hydraulic
properties under different land uses. Geoderma 149 (3–4), 355–366.
Huang, L.-M., Thompson, A., Zhang, G.-L., Chen, L.-M., Han, G.-Z., Gong, Z.-T., 2015. The use
of chronosequences in studies of paddy soil evolution: a review. Geoderma 237–238,
199–210.
IUSS Working Group WRB, 2014. World Reference Base for Soil Resources 2014. Interna-
tional Soil Classiﬁcation for Naming Soils and Creating Legends for Soils Maps. FAO,
Rome.
Katuwal, S., Moldrup, P., Lamandé, M., Tuller, M., de Jonge, L.W., 2015. Effects of CT num-
ber derived matrix density on preferential ﬂow and transport in a macroporous agri-
cultural soil. Vadose Zone J. 14 (7).
Ke, K.-Y., Tan, Y.-C., Chen, C.-H., Chim, K.-S., Yeh, T.-C.J., 2004. Experimental study of con-
solidation properties of unsaturated soils during draining. Hydrol. Process. 18 (13),
2565–2578.
Keller, T., Lamandé, M., Peth, S., Berli, M., Delenne, J.Y., Baumgarten, W., Rabbel,W., Radjaï,
F., Rajchenbach, J., Selvadurai, A.P.S., Or, D., 2013. An interdisciplinary approach to-
wards improved understanding of soil deformation during compaction. Soil Tillage
Res. 128, 61–80.
Li, X., Lin, C.-L., Miller, J.D., Johnson, W.P., 2006. Pore-scale observation of microsphere de-
position at grain-to-grain contacts over assemblage-scale porous media domains
using X-ray microtomography. Environ. Sci. Technol. 40 (12), 3762–3768.
Luo, L., Lin, H., Halleck, P., 2008. Quantifying soil structure and preferential ﬂow in intact
soil using X-ray computed tomography. Soil Sci. Soc. Am. J. 72 (4), 1058–1069.
Ma, R., Cai, C., Li, Z., Wang, J., Xiao, T., Peng, G., Yang,W., 2015. Evaluation of soil aggregate
microstructure and stability under wetting and drying cycles in two Ultisols using
synchrotron-based X-ray micro-computed tomography. Soil Tillage Res. 149, 1–11.
McDaniel, P.A., Gabehart, R.W., Falen, A.L., Hammel, J.E., Reuter, R.J., 2001. Perched water
tables on Argixeroll and Fragixeralf hillslopes. Soil Sci. Soc. Am. J. 65 (3), 805–810.Mohammadi, M.H., Vanclooster, M., 2011. Predicting the soil moisture characteristic
curve from particle size distribution with a simple conceptual model. Vadose Zone
J. 10 (2), 594–602.
Montagne, D., Cornu, S., Le Forestier, L., Cousin, I., 2009. Soil drainage as an active agent of
recent soil evolution: a review. Pedosphere 19 (1), 1–13.
Montagne, D., Cornu, S., Le Forestier, L., Hardy, M., JosiÃ¨re, O., Caner, L., Cousin, I., 2008.
Impact of drainage on soil-forming mechanisms in a French Albeluvisol: input of
mineralogical data in mass-balance modelling. Geoderma 145 (3-4), 426–438.
Mossadeghi-Björklund, M., Arvidsson, J., Keller, T., Koestel, J., Lamandé, M., Larsbo, M.,
Jarvis, N., 2016. Effects of subsoil compaction on hydraulic properties and preferential
ﬂow in a Swedish clay soil. Soil Tillage Res. 156, 91–98.
Mubarak, I., Mailhol, J.C., Angulo-Jaramillo, R., Ruelle, P., Boivin, P., Khaledian, M., 2009.
Temporal variability in soil hydraulic properties under drip irrigation. Geoderma
150 (1–2), 158–165.
Pebesma, E.J., 2004. Multivariable geostatistics in S: the gstat package. Comput. Geosci. 30
(7), 683–691.
Périard, Y., Gumiere, S.J., Rousseau, A.N., Caron, J., Hallema, D.W., 2014. Characterization of
the Temporal Evolution of Soil Hydraulic Properties under Anthropomorphic Condi-
tions by X-Ray Tomography, ASA, CSSA, & SSSA International Annual Meeting, Long
Beach, CA.
Pires, L.F., Bacchi, O.O.S., Reichardt, K., 2005. Gamma ray computed tomography to evalu-
ate wetting/drying soil structure changes. Nucl. Instrum. Methods Phys. Res., Sect. B
229 (3–4), 443–456.
Pires, L.F., Bacchi, O.O.S., Reichardt, K., 2007. Assessment of soil structure repair due to
wetting and drying cycles through 2D tomographic image analysis. Soil Tillage Res.
94 (2), 537–545.
Pires, L.F., Cássaro, F.A.M., Saab, S.C., Brinatti, A.M., 2011. Characterization of changes in
soil porous system by gamma-ray tomography. Nucl. Instrum. Methods Phys. Res.,
Sect. A 644 (1), 68–71.
Pires, L.F., Prandel, L.V., Saab, S.C., 2014. The effect of wetting and drying cycles on soil
chemical composition and their impact on bulk density evaluation: an analysis by
using XCOM data and gamma-ray computed tomography. Geoderma 213, 512–520.
Rab, M.A., Haling, R.E., Aarons, S.R., Hannah, M., Young, I.M., Gibson, D., 2014. Evaluation
of X-ray computed tomography for quantifying macroporosity of loamy pasture
soils. Geoderma 213, 460–470.
Renard, P., Le Loc'h, G., Ledoux, E., deMarsily, G., Mackay, R., 2000. A fast algorithm for the
estimation of the equivalent hydraulic conductivity of heterogeneous media. Water
Resour. Res. 36 (12), 3567–3580.
Rieu,M., Sposito, G., 1991. Fractal fragmentation, soil porosity, and soil water properties: I.
Theory. Soil Sci. Soc. Am. J. 55 (5), 1231–1238.
Scheibe, T.D., Perkins, W.A., Richmond, M.C., McKinley, M.I., Romero-Gomez, P.D.J.,
Oostrom, M., Wietsma, T.W., Serkowski, J.A., Zachara, J.M., 2015. Pore-scale and
multiscale numerical simulation of ﬂow and transport in a laboratory-scale column.
Water Resour. Res. 51 (2), 1023–1035.
Séré, G., Ouvrard, S., Magnenet, V., Pey, B., Morel, J.L., Schwartz, C., 2012. Predictability of
the evolution of the soil structure using water ﬂow modeling for a constructed
technosol. Vadose Zone J. 11 (1).
Tracy, S.R., Daly, K.R., Sturrock, C.J., Crout, N.M.J., Mooney, S.J., Roose, T., 2015. Three-di-
mensional quantiﬁcation of soil hydraulic properties using X-ray computed tomogra-
phy and image-based modeling. Water Resour. Res. 51 (2), 1006–1022.
Usowicz, B., Lipiec, J., 2009. Spatial distribution of soil penetration resistance as affected by
soil compaction: the fractal approach. Ecol. Complex. 6 (3), 263–271.
Whitcher, B., Schmid, V.J., Thornton, A., 2011. Working with the DICOM and NIfTI Data
Standards in R. J. Stat. Softw. 44 (6), 1–28.
Yoshida, S., Adachi, K., Hosokawa, H., 2014. Analysis of seasonal change in paddy soil
structure based on the elasto-plastic deformation model. Geoderma 228–229,
104–113.
Yu, H., Yang, P., Lin, H., Ren, S., He, X., 2014. Effects of sodic soil reclamation using ﬂue gas
desulphurization gypsum on soil pore characteristics, bulk density, and saturated hy-
draulic conductivity. Soil Sci. Soc. Am. J. 78 (4), 2101-1213.
Zeng, C., Wang, Q., Zhang, F., Zhang, J., 2013. Temporal changes in soil hydraulic conduc-
tivity with different soil types and irrigation methods. Geoderma 193–194, 290–299.
Zhang, Z.B., Peng, X., Wang, L.L., Zhao, Q.G., Lin, H., 2013. Temporal changes in shrinkage
behavior of two paddy soils under alternative ﬂooding and drying cycles and its con-
sequence on percolation. Geoderma 192 (0), 12–20.
Zhang, Z.B., Peng, X., Zhou, H., Lin, H., Sun, H., 2015. Characterizing preferential ﬂow in
cracked paddy soils using computed tomography and breakthrough curve. Soil Till-
age Res. 146, Part A 53–65.
Zhang, Z.B., Zhou, H., Zhao, Q.G., Lin, H., Peng, X., 2014. Characteristics of cracks in two
paddy soils and their impacts on preferential ﬂow. Geoderma 228–229, 114–121.
Zhao, Y., De Maio, M., Vidotto, F., Sacco, D., 2015. Inﬂuence of wet–dry cycles on the tem-
poral inﬁltration dynamic in temperate ricepaddies. Soil and Tillage Res. 154 14–21.
